We conducted this study to analyze apoptotic changes in the bovine placentome at spontaneous and induced parturition. Cows delivered i) after the administration of dexamethasone followed by prostaglandin F 2α and estriol, ii) after the administration of prostaglandin F 2α and estriol or iii) spontaneously. Prepartum changes in plasma progesterone and estradiol-17β concentrations were similar between spontaneous and induced parturition. Messenger RNA of BCL2-related protein A1 (BCL2A1), an antiapoptotic gene, was expressed by trophoblast binucleate cells and caruncular epithelial cells. Quantitative RT-PCR showed that the expression of BCL2A1 mRNA in cotyledonary and caruncular portions was significantly lower in spontaneous parturition than induced parturition. The expression of BCL2-associated X protein (BAX) mRNA, a proapoptotic gene, was significantly higher in cotyledons at spontaneous parturition than parturition induced without dexamethasone. Caspase-3 (CASP3) mRNA and pre-activated CASP3 protein were predominantly detected in caruncular epithelial cells regardless of how parturition proceeded. Activated CASP3 protein was found in trophoblast uninucleate cells and binucleate cells rather than caruncular epithelial cells. In spontaneous parturition, intense staining of activated CASP3 was detected in caruncular epithelial cells. Spontaneous and dexamethasone-induced parturition increased apoptotic cells in the placentome compared with parturition induced without dexamethasone. The number of binucleate cells was significantly decreased in spontaneous parturition. The present results suggest that although the clinical dose of dexamethasone induces apoptosis in the placentome at term, neither dexamethasone nor prostaglandin F 2α evoke normal physiological changes in the placentome during delivery such as a change in the balance of apoptosis-related genes and disappearance of binucleate cells. A ppropriate regulation of cell proliferation and regression in the placentome is essential to maintain and complete gestation. In the bovine placentome, the number of apoptotic cells increases as pregnancy progresses and is significantly high at around parturition [1, 2] . The facilitation of apoptosis seems to reflect placental maturity during the peripartum period. Recent studies have shown that the status of apoptosis in the placentome correlates with the incidence of a retained placenta after parturition [1, 3] . In addition, artificial induction of parturition by the administration of a glucocorticoid and/ or prostaglandin (PG) F 2α also frequently results in a retained placenta [4, 5] . These findings suggest that apoptosis in the placentome is required for detachment of the fetal membrane in the early postpartum period, but apoptotic status and its control in the placentome around parturition are not fully understood.
A ppropriate regulation of cell proliferation and regression in the placentome is essential to maintain and complete gestation. In the bovine placentome, the number of apoptotic cells increases as pregnancy progresses and is significantly high at around parturition [1, 2] . The facilitation of apoptosis seems to reflect placental maturity during the peripartum period. Recent studies have shown that the status of apoptosis in the placentome correlates with the incidence of a retained placenta after parturition [1, 3] . In addition, artificial induction of parturition by the administration of a glucocorticoid and/ or prostaglandin (PG) F 2α also frequently results in a retained placenta [4, 5] . These findings suggest that apoptosis in the placentome is required for detachment of the fetal membrane in the early postpartum period, but apoptotic status and its control in the placentome around parturition are not fully understood.
Most cells undergoing apoptosis execute the death program by activating a hierarchy of caspases [6] . In the murine placenta, apoptotic cells and the expression of caspase-3 (CASP3), one of the key executioners of apoptosis, showed temporal and spatial associations [7, 8] . The BCL2 family members are regulators of caspase-dependent apoptosis and divided into antiapoptotic (BCL2, BCL2A1, BCL2L1, BCL2L2 and MCL1) and proapoptotic (BAX, BAK1 and BOK) proteins. Ushizawa et al. [2] reported that BCL2-related protein A1 (BCL2A1) mRNA expression was dominant compared with BCL2 mRNA expression in the bovine placenta and suggested that the balance of BCL2A1 and BCL2-associated X protein (BAX) levels would regulate the maintenance and apoptosis of trophoblast binucleate cells.
Cortisol, a principal glucocorticoid in ruminants, is abundantly secreted from the fetal adrenal cortex during the last week of gestation [9] . The induction of estrogen synthesis in the placenta and PGF 2α synthesis in the maternal endometrium by fetal cortisol are essential for the initiation of spontaneous delivery [10] . Glucocorticoids are known to be proapoptotic and antiapoptotic in different tissues and cell types [11, 12] , and maternal treatment with a glucocorticoid in late pregnancy leads to placental apoptosis in rodents [13, 14] . In addition, the number of binucleate cells declines near term, and this change could be induced by the administration of glucocorticoids [15, 16] . The proapoptotic effect of glucocorticoids in the placenta appears to occur through a caspase-dependent pathway [17] . However, it is not clear how glucocorticoids used clinically to induce parturition in cows influences placental apoptosis.
In this study, we analyzed changes in the expression of apoptosisrelated genes and apoptotic status in the bovine placentome at parturition by comparing spontaneous and induced parturition, focusing on the effects of dexamethasone on apoptosis in the placentome.
Materials and Methods

Animals and treatments
Included in the study were Angus and beef crossbred cows. The cows were kept at the Animal Research Center and fed grass hay and grass silage. Cows delivered 1) after the administration of dexamethasone (20 mg i.m., Kyoritsu Seiyaku, Tokyo, Japan) followed by PGF 2α (25 mg i.m. dinoprost tromethamine, Pronalgon-F injection, Pfizer Japan, Tokyo, Japan) and estriol (20 mg i.m., Holin, ASKA Pharmaceutical, Tokyo, Japan) 24 h later (DEX group), 2) after the administration of PGF 2α and estriol without dexamethasone (PG group) or 3) spontaneously (SP group). The induction of parturition was initiated at day 280 ± 1.1 or 279 ± 0.6 of gestation in the cows used for blood collection in the DEX and PG groups, respectively. The induction of parturition was initiated at day 284 ± 1.2 or 284 ± 0.6 of gestation in the cows used for tissue collection in the DEX and PG groups, respectively. The average time (h) from initiation of treatment to calving in the cows used for blood collection in the DEX and PG groups was 50 ± 5 or 41 ± 4, respectively. The average time (h) from initiation of treatment to calving in the cows used for tissue collection in the DEX and PG groups was 50 ± 3 or 43 ± 5, respectively. All procedures for animal experiments were carried out in accordance with guidelines and ethics approved by the Animal Experiment Committee of the Animal Research Center.
Sample collection
Venous blood samples were taken at 36 and 38 weeks of gestation and in the days before parturition. Plasma was harvested by centrifugation and stored at -20 C until analyzed. Placentomes were collected manually, immediately after vaginal delivery, through the birth canal from cows different from those used for blood collection. Placentomes were fixed in a 10% formalin neutral buffer solution (pH 7.4) and embedded in paraffin. Additional placentomes were separated into cotyledons and caruncles and stored at -80 C prior to the extraction of RNA.
The average period of gestation in the cows used for blood collection was 293 days (n=5), 282 days (n=5) and 281 days (n=5) for SP, DEX and PG, respectively. The average period of gestation in cows used for tissue collection was 293 days (n=4), 287 days (n=5) and 286 days (n=4) for SP, DEX and PG, respectively.
Hormone assays
Plasma progesterone (P4) and estradiol 17β (E2) concentrations were measured at 36 and 38 weeks of gestation and at the injection of PGF 2α in the DEX and PG groups, at 2 days before parturition in the SP group and at parturition in all groups. Hormone assays were carried out in duplicate by double-antibody enzyme immunoassay (EIA), as described previously [18] . Plasma P4 and E2 concentrations were assayed after extraction by diethyl ether. The assaying procedures for P4 and E2 were described previously [19, 20] . The standard curve ranged from 0.05 to 50 ng/ml for P4 and from 2 to 2,000 pg/ml for E2. ED50 values of the assay for P4 and E2 were 2.4 ng/ml and 105 pg/ml, respectively. The average inter-and intra-assay coefficients of variation (CV) were, 4.7% and 6.5% for P4 and 6.5% and 7.6% for E2, respectively.
Reverse transcription and real-time PCR
Total RNA was individually isolated from placental tissues using ISOGEN (Nippon Gene, Toyama, Japan) and reverse transcribed using a QuantiTect Reverse Transcription Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's instructions.
Real-time PCR was performed (run in duplicate) using a QuantiTect SYBR Green PCR Kit (QIAGEN) and a Chromo4 Real-time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) with the following primers: 5'-TTGCAGATACAGCAACCTGGAT-3', forward, and 5'-GGACAGAGGAAGCCACATCTTG-3', reverse, with an annealing temperature of 55 C for BCL2A1 [2] , 5'-CGCCCTTTTCTACTTTGCCA-3', forward, and 5'-TCA-ACTCGGGCACCTTGG-3', reverse, with an annealing temperature of 55 C for BAX [2] , 5'-CTTCCACGAAAATACTGGCATG-3', forward, and 5'-TGAATGTTTCCCTGAGGTTTGC-3', reverse, with an annealing temperature of 55 C for CASP3 [2] and 5'-CCAGAAGACTGTGGATGGCC-3', forward, and 5'-CTGACGCCTGCTTCACCACC-3', reverse, with an annealing temperature of 60 C for GAPDH [21] . The thermal cycling conditions included activation of HotStarTaq DNA polymerase at 95 C for 15 min, followed by 45 cycles of denaturation at 94 C for 15 sec, annealing of primers at different temperatures for 30 sec and elongation at 72 C for 30 sec. To quantify the mRNA abundance, standard curves for each gene were generated by serial dilution of a known quantity of purified RT-PCR products. The relative difference in the initial amount of each mRNA species was determined by comparing the Ct values. We confirmed the melting curve for detecting the SYBR Green-based objective amplicon because SYBR Green detects double-stranded DNA, including primer dimers, contaminating DNA and PCR products from misannealed primers. The expression of each gene is shown relative to that of GAPDH mRNA.
In situ hybridization
A full-length cDNA of bovine BCL2A1, BAX and CASP3 was used as the template for producing the probes for hybridization. We prepared digoxigenin (DIG)-labeled antisense-and sense-complementary RNA probes as described previously [22] . In situ hybridization was performed using the automated Ventana Discovery XT System, a Ribo Map Kit and a Blue Map Kit (Roche Diagnostics, Tokyo, Japan). Briefly, 5-μm thick sections were hybridized using DIG-labeled probes in RiboHybe hybridization solution (Roche) at 69 C for BCL2A1, 67 C for BAX and 65 C for CASP3 for 6 h. After hybridization, the sections were washed three times in RiboWash (Roche; 65 C, 4 min) and fixed in RiboFix (Roche; 37 C, 20 min). Then hybridization signals were detected using a biotin-conjugated monoclonal anti-digoxin antibody (B7405, Sigma-Aldrich, St. Louis, MO, USA).
Immunohistochemistry
Immunohistochemistry was performed using the Ventana Discovery XT System with a DAB Map kit (Roche). Briefly, 5-μm thick sections were incubated with an anti-pre-activated CASP3 (LS-C88629, LifeSpan BioSciences, Seattle, WA, USA) diluted 1:200 in Discovery Ab diluent (Roche) or anti-activated CASP3 polyclonal antibody (C8487, Sigma-Aldrich) diluted 1:1000 for 60 min at 37 C. The Discovery Ab diluent was used instead of antisera as a negative control. Signals were detected using an anti-rabbit IgG polyclonal antibody biotin conjugate (BA-1000, Vector Laboratories, Burlingame, CA, USA). Sections were counter stained with Mayer's hematoxylin.
TUNEL analysis
TUNEL was done on 5-μm-thick sections with the Ventana Discovery XT System, a DAB Map Kit (Roche) and a ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore, Temecula, CA, USA). Briefly, the free 3'OH DNA termini were labeled with DIG-labeled nucleotides and deoxynucleotidyl transferase (TdT) at 37 C for 32 min. Then TUNEL signals were detected using biotinconjugated monoclonal anti-digoxin antibody (B7405, Sigma-Aldrich). Negative control experiments were achieved by omitting the terminal TdT. Sections were counterstained with Mayer's hematoxylin. Three fields (0.594 mm 2 /field) of view of each placentome section were recorded under a light microscope with a digital photo system. The area of TUNEL-positive staining was measured by ImageJ (1.42q, http://rsbweb.nih.gov/ij/). The total TUNEL-positive area in three fields was calculated as an apoptotic index and corrected to per 1 mm 2 .
Trophoblast binucleate cells
Five-micrometer-thick sections were subjected to hematoxylin-eosin staining. Five fields (0.140 mm 2 /field) of view of each placentome section were recorded under a light microscope with a digital photo system. Basal secondary villi or tertiary villi [23] were examined for evaluation of binucleate cells. The total number of binucleate cells in five fields was calculated as a representative value and corrected to per 1 mm 2 .
Statistical analysis
All results are presented as the mean ± SEM. The experimental data were analyzed using the glm function of the R statistical package [24] . Multiple comparison tests were conducted using Bonferroni's or Dunnett's method. A P value <0.05 was considered significant.
Results
Plasma P4 and E2 concentrations
Plasma P4 concentrations were significantly decreased at 2 days before parturition in the SP group and before the PGF 2α injection in the PG group compared with the levels at 36 weeks of gestation (Fig.  1A) . All groups showed significantly lower plasma P4 concentrations at term. Plasma E2 concentrations were significantly increased at term compared with at 36 weeks of gestation in all groups (Fig. 1B) . There was no difference in plasma P4 and E2 concentrations among the SP, DEX and PG groups.
Messenger RNA levels of BCL2A1, BAX and CASP3 in the placentome at parturition
Placentomal BCL2A1 mRNA abundance was significantly lower in the SP group than in the DEX and PG groups in both the cotyledon ( Fig. 2A) and caruncle (Fig. 3A) . The SP group had significantly higher levels of BAX mRNA in the cotyledon than the PG group (Fig. 2B) . There was no difference in CASP3 mRNA levels among the three groups regardless of the tissue (Figs. 2C and 3C) .
Distribution of BCL2A1, BAX and CASP3 mRNA in the placentome
BCL2A1 mRNA expression was found in binucleate cells and caruncular epithelial cells (Fig. 4A and 4B) . BAX mRNA was expressed in all trophoblasts including binucleate and uninucleate cells and in caruncular epithelial cells (Fig. 4D and 4E) . CASP3 mRNA was localized to caruncular epithelial cells adjacent to basal parts of primary chorionic villi ( Fig. 4G and 4H ). The distribution of mRNA of all genes was similar among the SP, DEX and PG groups.
Localization of CASP3 protein in the placentome
Distinct immunostaining of pre-activated CASP3 was found in caruncular epithelial cells in the areas adjacent to basal parts of primary chorionic villi in all groups (Fig. 5A, B and C) . Positive immunostaining was detected infrequently in binucleate cells that had infiltrated the caruncular epithelium (Fig. 5B) .
Immunostaining for activated CASP3 was found in trophoblast uninucleate and binucleate cells but was rarely found in caruncular epithelial cells in all groups (Fig. 5D and E) . Intense staining of the activated CASP3 in caruncular epithelial cells was detected in a part of the placentome following spontaneous parturition (Fig. 5F ).
Apoptosis in the placentome
TUNEL-positive signals were detected in trophoblast uninucleate cells, trophoblast binucleate cells and caruncular epithelial cells in all groups (Fig. 6A and 6B ). There were few TUNEL-positive cells in the PG group, and the apoptotic index was significantly lower in the PG group than in the SP and DEX groups (Fig. 6D) .
Number of trophoblast binucleate cells
The number of binucleate cells was significantly lower in the SP group (21 ± 7/mm 2 ) than in the PG group (149 ± 17/mm 2 ) or DEX group (128 ± 12/mm 2 ).
Discussion
The present study showed that the expression of BCL2A1 and BAX mRNA in the placentome at term varied depending on the procedures of parturition, whereas CASP3 mRNA levels remained constant. BCL2A1 mRNA was strongly expressed by binucleate cells. Spontaneous parturition resulted in a marked reduction in both BCL2A1 mRNA expression and the number of binucleate cells in the placentome. The present results suggest that the reduction in BCL2A1 mRNA expression during spontaneous parturition is due to a decrease in the number of binucleate cells as a major source of BCL2A1 mRNA and is a consequence of the normal progression of parturition. On the other hand, Ushizawa et al. [2] showed that the ratio of BCL2A1 mRNA to BAX mRNA decreased gradually during late pregnancy. This finding indicates that the stimulation of apoptosis plays a critical role in placental maturation during late pregnancy. In the present study, it was not known if treatments to induce parturition affected mRNA expression because placentomal samples were not taken sequentially during the prepartum period. However, the induction of parturition using PGF 2α either alone or with dexamethasone resulted in significantly higher BCL2A1 mRNA expression in the placentome compared with spontaneous parturition. Thus, it seemed that these procedures to induce parturition did not cause a prepartum decrease of BCL2A1 mRNA expression as in spontaneous parturition. If the expression of BCL2A1 and BAX mRNA changed in advance of the disappearance of binucleate cells in spontaneous parturition, the parturition induction methods used here could not mimic the placental maturation in terms of the changes in the expression of apoptosis-related genes.
Dexamethasone treatment in the DEX group did not affect either BCL2A1 mRNA expression or the number of binucleate cells compared with the PG group. Glucocorticoid treatment caused repression of BCL2A1 mRNA expression in lymphoma and thymocyte cell lines [25, 26] . In addition, direct fetal cortisol infusion and maternal betamethasone administration in sheep have been shown to reduce the number of binucleate cells [15, 16] . Therefore, the dose of dexamethasone used clinically to induce parturition in cows might be insufficient to cause physiological change and a reduction in numbers of binucleate cells. There has been considerable research on the type and dose of glucocorticoids aimed at reducing the incidence of retained placenta in induced parturition [27, 28] . Long-acting glucocorticoids appeared to result in fewer retained placentas [29] .
To reduce the incidence of retained placenta following induced parturition, it is important to clarify the relationship between dose and types of glucocorticoids and placental apoptosis.
It has been suggested that cows in which parturition is induced may deliver without sufficient blood estrogen concentrations to result in normal placental delivery [30] . Exogenous estrogens were used in various induction regimes to mimic the normal prepartum rise in the blood concentration of estrogens [31, 32] . In this study, the effects of estriol on the expression of apoptosis-related genes or reduction in the number of binucleate cells could not be evaluated because an induction regime without estriol was not attempted. However, estriol could not induce placental maturation in terms of apoptosis to the same degree as spontaneous parturition. In order to evaluate the effects of estrogens on placental maturity, estradiol that has higher estrogenic activity than estriol should be examined in the future. Although the CASP3 mRNA and pre-activated CASP3 protein were predominantly detected in caruncular epithelial cells adjacent to the basal parts of primary chorionic villi regardless of whether cows delivered spontaneously or were induced, the activated CASP3 protein was mainly found in trophoblast uninucleate and binucleate cells. These results may imply that the apoptosis in caruncular epithelial cells lags behind that in trophoblast cells and first occurs close to the cotyledon. Boos et al. [1] described that placental maturation, that is a reduction in numbers of maternal epithelial cells by apoptosis, is a time-consuming process than involves an induction of labor and expulsion of the fetus. The presence of CASP3 mRNA and pre-activated CASP3 protein in caruncular epithelial cells supports that placental maturation is ongoing at parturition. Furthermore, the observation of activated CASP3 protein in caruncular epithelial cells in the SP group suggests that the placentome from full-term spontaneous parturition is more mature than that from induced parturition in the last week of the estimated gestation length. In spontaneous parturition, the decrease in the expression of BCL2A1 mRNA, which is an antiapototic factor in the apoptosis cascade, might facilitate cleavage and activation of downstream effector caspases such as CASP3 protein.
Apoptotic signals were detected by the TUNEL assay in caruncular epithelial cells and trophoblast cells including binucleate cells. The expression of BCL2A1, BAX and CASP3 mRNA in caruncular epithelial cells and binucleate cells suggests that BCL2A1 acts as a regulator of caspase-dependent apoptosis. However, trophoblast uninucleate cells did not express BCL2A1 mRNA. This result implies that other antiapoptotic genes act as a regulator in the cell. The SP and DEX groups showed significantly high numbers of apoptotic cells compared with the PG group. The average apoptotic index in the SP group was high because of a cow with a very large number of apoptotic cells, and there was no significant difference between the SP and DEX groups. In contrast, very few apoptotic cells were found in the placentome when parturition was induced without dexamethasone. Therefore, it was suggested that dexamethasone acted as a proapoptotic factor in the placentome at parturition. Dexamethasone seems to affect caruncular epithelial cells and binucleate cells that show strong immunostaining for glucocorticoid receptor [33] . Because the number of binucleate cells did not change in the present study, the clinically used dose of dexamethasone might induce apoptosis in caruncular epithelial cells. We induced parturition in the last week of gestation. The induction of parturition caused luteolysis and estrogen synthesis and resulted in successful expulsion of the fetus. Therefore, the procedures used clinically to induce parturition seemed to give rise to the physiological changes needed for parturition. However, placental maturity in terms of apoptosis at parturition was suggested to be insufficient.
Collagen links the interface between cotyledons and caruncles, and the breakdown of this collagen is likely a key factor in placental separation. In fact, it was reported that administration of collagenases via the umbilical cord induced the detachment of fetal membranes [34] . Matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) play an important role in the degradation of extracellular matrix (ECM) such as collagens. The interaction between the remodeling of ECM and apoptosis remains to be clarified. However, it is known that binucleate cells express TIMP-2, which is an inhibitor of MMPs [35] . The expression of TIMP-2 mRNA in the cotyledon decreased at parturition and remained at a low level until 12 h after parturition [36] . These findings imply that MMP activity in term placentomes might be upregulated by disappearance of binucleate cells and downregulation of TIMP-2 activity. Changes in cellular composition by apoptosis may be involved in the process of detachment of fetal membranes.
In conclusion, despite dexamethasone inducing apoptosis in the placentome at parturition, no change in the expression of apoptosisrelated genes or reduction in the number of binucleate cells was caused by the artificial induction of parturition. Contrary to the proapoptotic action of glucocorticoid in the placenta, no reduction in the incidence of retained placenta on administration of dexamethasone has been reported [4] . This study suggested that clinical treatment for induction of parturition using PGF 2α either alone or with dexamethasone does not evoke adequate physiological changes in the placentome and that insufficiency of placental maturity might cause the placenta to be retained when parturition is induced. In the future, techniques for inducing parturition need to be improved in terms of placental maturity based on placental apoptosis. 
